Epigenetic inheritance, especially its biomedical and evolutionary significance, is an immensely interesting but highly controversial subject. Notably, a recent analysis of existing multi-omics has supported the mechanistic plausibility of epigenetic inheritance and its implications in disease and evolution. The evolutionary support stemmed from the specific finding that genes associated with cold induced inheritance and with latitudinal adaptation in mice are exceptionally common. Here, a similar gene set overlap analysis is presented that integrates cold induced inheritance with evolutionary adaptation and genetic canalization in cold environment in Drosophila. Genes showing differential expression in inheritance specifically overrepresent gene sets associated with differential and allele specific expression, though not with genome-wide genetic differentiation, in adaptation. On the other hand, the differentiated outliers uniquely overrepresent genes dysregulated by radicicol, a decanalization inducer. Both gene sets in turn exclusively show enrichment of genes that accumulate, in intended experimental lines, de novo mutations, a potential source of canalization. Successively, the three gene sets distinctively overrepresent genes exhibiting, between mutation accumulation lines, invariable expression, a potential signal for canalization. Sequentially, the four gene sets solely display enrichment of genes grouped in gene ontology under transcription factor activity, a signature of regulatory canalization. Cumulatively, the analysis suggests that epigenetic inheritance possibly contributes to evolutionary adaptation in the form of cis regulatory variations, with trans variations arising in the course of genetic canalization.
Introduction
Recent evidence supporting environmentally induced germline epigenetic inheritance in diverse species has sparked immense interest and controversy especially over its potential evolutionary and disease significance (Li et al., 2012; Horsthemke, 2018; Radford, 2018; Skvortsova et al., 2018; Anastasiadi and Piferrer, 2019; Cavalli and Heard, 2019; Lesch et al., 2019; Perez and Lehner, 2019) . Integrative genomics is considered as a valuable approach in addressing these advanced prospects of epigenetic inheritance (Molaro et al., 2011; Sharma, 2015; Cavalli and Heard, 2019) . Indeed, a multi-omics data analysis has recently revealed an association between cold induced inheritance and latitudinal adaptation in mice, and between epigenetic inheritance and disease in humans (Sharma, 2019) . In mice, genes that are differentially methylated in sperm inheriting cold induced traits have been found to specifically overrepresent genes related to latitudinal adaptation associated single nucleotide polymorphisms, and differential and allele specific expression (Sharma, 2019) . Similarly, in humans, differentially methylated genes in sperm of enriched-risk cohort of fathers of autistic children specifically overrepresent genes harbouring de novo mutations in autism (Sharma, 2019) . Also, differentially methylated genes in sperm of recreational cannabis users specifically overrepresent genes harbouring de novo mutations in autism and schizophrenia, with paternal cannabis being a known suspect in psychotic disorders (Sharma, 2019) . Notably, differentially methylated sperm genes and disease associated genes in general are enriched for genes known to exhibit high mutability and loss of function intolerance, suggesting a mechanistic basis for disease consequences of epigenetic inheritance (Sharma, 2019) . Lastly, supporting developmental mechanisms of epigenetic inheritance in both mice and humans, the sperm genes in these species were found to overrepresent genes that are known to escape demethylation reprogramming and to express across stages in development (Sharma, 2019) . Here, to further examine the evolutionary potential of epigenetic inheritance, a similar integrative genomic analysis of cold induced inheritance and latitudinal adaptation in the fruit fly Drosophila melanogaster is presented.
Methods
As in mice and humans (Sharma, 2019) , the present analysis in D. melanogaster is based on hypergeometric test of overlap between diverse gene sets, with the latter consisting of existing data pertaining to whole fly genome, differential gene expression, allele specific expression, Supplementary Table 2 .
Results and discussion
Before attempting to examine in details the impact of epigenetic inheritance on adaptive evolution, the specificity of the former with respect to environmental factor that induces inheritance and that underlies adaptation was tested first as background check. A total of three inheritance models were available for analysis, with transcriptomic effects of paternal F0 exposure reported in both F1 and F2 in two models Mohammad et al., 2009; Teltumbade et al., 2019) and in F1 alone in one study (Zare et al., 2018) . The environmental factors associated with these three models included high-sugar diet (HSD), the neuroactive compound pentylenetetrazole (PTZ), and cold exposure (CE). Though F2 phenotype is minimally required to demonstrate germline mediated inheritance, the study that was restricted to F1 only, the CE model, was also included in the analysis since biochemical level F2 effect has been demonstrated (Karunakar et al., 2019) in CE induced inheritance. For uniformity, differentially expressed genes in parent (F0) and offspring (F1) were used in the analysis. The null hypothesis initially tested was that the magnitude of gene overlap between F0 and F1 in a given model is the same as that between F0 in that model and F1 in all the three models combined. Alternatively, the overlap between the former is higher than the latter, supporting environmental specificity of inherited expression phenotype. Notably, in general, a higher overlap was observed between F0 and F1 of a given model (Fig. 1a) . This demonstrated that (Fig. 1b) , CE-F1 was overrepresented in DEG-LA, and ASE-LA, not SNP-LA. Remarkably, a clear overrepresentation of radicicol, not CE-F0, CE-F1, or Hsp90-OE, was observed in SNP-LA (Fig. 1c) . Thereafter, all the above samples were challenged with gene sets associated with adaptation in Evolution Canyon, a microclimatic gradient of temperature, besides others (Yablonovitch et al., 2017) . The Evolution Canyon sets included genes with differentially expression (DEG-EC) and genomewide single nucleotide polymorphism association (SNP-EC). Notably, radicicol and SNP-LA were found to be most highly enriched in SNP-EC (Fig. 1d) . In contrast, CE-F1 was most highly enriched in DEG-EC. These results overall suggested that genome-wide association signals in evolutionary adaptation mostly relate to trans variations involved in regulatory canalization. This is consistent with one or more orders of magnitude larger mutational target space for trans than cis effects, and hence greater scope for trans variations in canalization of gene expression (Ehrenreich and Pfennig, 2016) .
As de novo mutations are considered to act as source of variations in canalization (Fanti et al., 2017), I next tested enrichment of an available compendium of de novo mutations associated genes (DNM) assembled from various mutation accumulation lines, with rare and common genetic variations as controls (Assaf et al., 2017) . Interestingly, radicicol, SNP-LA, and SNA-EC, not others, showed explicit overrepresentation of DNM (Fig. 1e) . No such trend was observed with respect to rare or common variations. Further, given that gene expression between DNM lines can be invariable or variable possibly signifying canalization or uncanalization, in that order (Rifkin et al., 2005) , the samples were challenged with the invariable and variable gene sets. Remarkably, radicicol, SNP-LA, SNA-EC, and DNM were found to exclusively overrepresent invariable genes (Fig. 1f) . In contrast, CE-F1, besides others, most prominently overrepresented variable genes. Finally, considering reported excess of transcription regulators and enzymes in genes with lower or higher expression variation, in that order, in DNM lines (Rifkin et al., 2005) , with transcription factors as most direct trans acting factor in canalization (Ehrenreich and Pfennig, 2016) , the overlap test was next performed with genes grouped in gene ontology molecular function categories transcription factor activity and catalytic activity (Ashburner et al., 2000; Carbon et al., 2009) . Indeed, radicicol, SNP-LA, SNA-EC, DNM, and Invariable genes were exclusively found enriched for transcription factor activity ( Fig. 1g) . Also, as expected, CE-F1, besides others, was enriched for catalytic activity. This completely unbiased gene ontology evidence independently suggested excess of trans regulatory variations in differentiated genomic outliers.
Over and above the recent multi-omics evidence broadly implicating epigenetic inheritance in evolutionary adaptation in mice, the present analysis specifically suggests that inheritance of acquired traits may possibly drive adaptation by contributing cis regulatory variations. In-depth studies are now required to confirm these albeit oversimplified initial observations. With expanding evidence of epigenetic inheritance, the call has increased for accommodating the latter in the modern evolutionary theory. The present results providing unbiased multi-omics evidence strongly supports this call. 
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